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Aminopeptidase A: A nephritogenic target antigen of nephro- This study addresses the well-established but ill-under-
toxic serum. stood phenomenon of antibody-induced glomerular in-
Background. We investigated potential targets of antibody- jury that occurs in the absence of any recognized cellular
mediated glomerular injury induced with a noncomplement
or humoral mediator of inflammation. In particular, ourbinding fraction of sheep anti-rat nephrotoxic serum (NTS).
primary goal was to define the putative target antigen(s)This model is characterized by severe complement- and leuko-
cyte-independent proteinuria within 24 hours of NTS injection responsible for the development of proteinuria induced
into rats. by nephritogenic antibodies in nephrotoxic serum (NTS).
Methods. NTS-reactive glomerular cell and matrix proteins Although the initial “heterologous” phase of injury in-
were identified by immunoprecipitation, Western blot analysis,
duced by NTS is widely considered to be mediated byprotein sequencing, cDNA library screening, and enzyme-linked
complement and leukocytes, most of the resulting pro-immunosorbent assay. Proteinuria was measured in rats injected
teinuria is actually complement and leukocyte indepen-with NTS from which reactivity against type IV collagen had been
removed by immunoadsorption, and antibodies were eluted from dent [1, 2]. Indeed, small doses of the g2 IgG fraction
the glomeruli of proteinuric rats that had been injected with of sheep NTS produce typical linear glomerular capillary
unabsorbed NTS. Having identified aminopeptidase A (APA) deposits and severe proteinuria without fixing comple-
as a major target of NTS, we studied the effect of NTS and
ment or attracting leukocytes. The implication of theseanti-APA on mouse glomerular epithelial cells in culture.
findings is that the target antigen(s) identified by NTSResults. NTS identified several podocyte and matrix proteins;
is important in maintaining glomerular permselectivity.however, APA was the only cell surface protein reactive with
antibodies eluted from the glomeruli of rats injected with NTS. Furthermore, by identifying such “nephritogenic” anti-
Although the eluate also contained reactivity to the noncolla- gens, we can expect to gain insight into their potential
genous domains of a1 and a3 chains of type IV collagen, immu- role in proteinuric renal diseases.nodepletion of these antibodies did not diminish the ability
Whereas NTS nephritis has long been regarded as aof NTS to cause proteinuria. We also documented the surface
model of anti-glomerular basement membrane (GBM)expression of APA on mouse glomerular epithelial cells in
culture, and found that NTS and specific anti-APA antibodies nephritis, it has never been established that the nonin-
induce a time- and temperature-dependent redistribution of flammatory injury that occurs during the heterologous
the antigen. phase is due to reactivity with GBM antigens. In fact,
Conclusions. APA, a type II integral membrane metallopep- NTS is a polyreactive antiserum, generally produced bytidase, is a major target of NTS in vivo and is known to be
immunizing donors with glomeruli or relatively crudepresent on the surface of podocytes. NTS-induced proteinuria
preparations of GBM [3]. Monoclonal dissection of hy-is independent of reactivity to known nephritogenic matrix pro-
teins. These findings, in combination with previous studies show- bridomas from mice immunized in this way identified
ing that monoclonal anti-APA antibodies induce severe protein- several cell surface antigens in addition to extracellular
uria in mice, suggest that anti-APA antibodies are responsible matrix proteins [4, 5], and our own studies of NTS have
for complement-independent proteinuria in this model.
documented substantial reactivity to glomerular cell
surface proteins, including a3b1 integrin [6]. Thus, we
sought to identify the nature of the glomerular antigensKey words: proteinuria, podocyte, glomerular disease, toxicity, mem-
brane metallopeptidase, kidney injury. with which NTS reacts and to determine their potential
role in the development of proteinuria. We found thatReceived for publication April 18, 2000
NTS reacts with type IV collagen, especially the noncol-and in revised form July 11, 2000
Accepted for publication September 1, 2000 lagenous-1 (NC1) domain of the a3 chain but that this
reactivity is not essential for the ability of NTS to causeÓ 2001 by the International Society of Nephrology
601
Chugh et al: Immunoreactivity of NTS602
proteinuria. We also found that NTS is reactive with Peter Mundel (Albert Einstein College of Medicine,
Bronx, NY, USA). The preparation and characterizationseveral cell membrane proteins and that among these,
aminopeptidase A (APA), a known nephritogenic anti- of these cells have been described in detail elsewhere
[8]. This cell line expresses many more proteins presentgen [7], is dominant. Furthermore, all or most of the
cell-specific antibodies recovered from the glomeruli of in the mature podocyte than cultured rat GECs. There-
fore, they were deemed more suitable for in vitro studiesrats injected with NTS are directed at APA.
with NTS and anti-APA. Moreover, our NTS is equally
effective in inducing complement-independent protein-
METHODS
uria in mice as in rats [9].
Antisera and antibodies
Absorption of matrix protein activity from NTSNephrotoxic serum was prepared by immunizing male
sheep with a lysate of rat glomeruli as described pre- Reactivity against the noncollagenous domain-1 (NC1)
of the a3 chain of type IV collagen (a3 NC1) and againstviously [3]. The sheep IgG was isolated from the serum
by 50% ammonium sulfate precipitation and fraction- unfractionated GBM collagen (collagen IV) was re-
moved from NTS by affinity absorption using purifiedated into g1 and g2 fractions by ion-exchange chroma-
tography on DEAE-Sephacel (Pharmacia, Piscataway, bovine kidney antigens as previously described [10]. For
enzyme-linked immunosorbent assay (ELISA), recom-NJ, USA) [3]. The pure g2 fraction, obtained in the fall
through the column with 0.0175 mol/L sodium phosphate binant NC1 domains of a1 to a6 chains of collagen IV
were used. Details of these ELISAs and the ELISAbuffer (pH 7.4), does not activate complement and was
used in all experiments. This fraction is referred to as for laminin, fibronectin, heparan sulfate proteoglycan
(HSPG), and entactin are described elsewhere [11].NTS in this article.
The following antibodies were obtained as kind gifts
Preparation of Fx1A-absorbed NTSfrom investigators: polyclonal rabbit anti-rat APA (anti-
APA; Dr. Dennis Healy, Mt. Sinai School of Medicine, Fx1A of rat proximal tubular brush borders was pre-
pared as described previously [3]. Seventy milligrams ofNew York, NY, USA), monoclonal rat anti-mouse APA
(Dr. Irving Weissman, Stanford University, Stanford, Fx1A was solubilized in RIPA buffer [0.1% sodium do-
decyl sulfate (SDS), 1% Triton X-100, 1% sodium deoxy-CA, USA), rabbit antirat dipeptidyl peptidase IV (anti-
DPP IV; Dr. Yasuhiro Natori, International Medical cholate, 150 mmol/L sodium chloride, 10 mmol/L ethyl-
enediaminetetraacetic acid (EDTA), and 25 mmol/LCenter of Japan, Tokyo, Japan), rabbit anti-rat gp330-
receptor–associated protein (anti-RAP; Dr. John Kana- Tris-HCl, pH 7.2] and coupled with 6 mL of CNBr-
sepharose (Pharmacia Biotech AB, Uppsala, Sweden)las, Thomas Jefferson University, Philadelphia, PA,
USA), mouse anti-GLEPP 1 (Dr. Roger Wiggins, Uni- according to the manufacturer’s instructions. The col-
umn was used to absorb out reactivity against Fx1A fromversity of Michigan, Ann Arbor, MI, USA), rabbit anti-
rat b1 integrin (Dr. Michael DiPersio, University of NTS. A loss of NTS reactivity to Fx1A was confirmed
by Western blot.Rochester, Rochester, NY, USA), rabbit anti-mouse en-
tactin (Dr. Albert Chung, University of Pittsburgh, Pitts-
Immunoprecipitation and Western blottingburgh, PA, USA), mouse anti-rat g1 laminin (Dr. Jeffrey
Miner, Washington University School of Medicine, St. Glomerular cell surface protein was extracted at 48C
in the following manner. Glomeruli were isolated fromLouis, MO, USA), rabbit antinephrin (Dr. Lawrence
Holzman, University of Michigan), mAb 5-1-6 (Dr. Fujio 50 rat kidneys by differential sieving, washed three times
in phosphate-buffered saline (PBS), permeabilized withShimizu, Niigata, Japan), rabbit anti-CD2-AP (Dr. An-
drey Shaw, Washington University School of Medicine, 0.005% digitonin in PBS for 45 minutes, pelleted at
14,000 r.p.m. for 3 minutes, and the pellet resuspendedSt. Louis, MO, USA).
in 0.1 mol/L N-octyl-glucopyranoside in PBS for one hour
Animals to solubilize cell membrane proteins. The supernatant,
enriched in cell membrane proteins, was removed afterNormal male Sprague-Dawley rats weighing 175 to
200 g were obtained from Charles River Laboratories centrifugation at 14,000 r.p.m. Protease inhibitors were
added (1 mmol/L phenylmethylsulfonyl fluoride, 0.1(Wilmington, MA, USA). For large-scale glomerular
isolation and preparation of fraction 1A (Fx1A), frozen mmol/L Na-p-Tosyl-l-lysinechloromethylketone (TLCK),
0.1 mmol/L N-Tosyl-l-phenylalaninechloromethylketonerat kidneys were purchased from Pel Freez (Rogers,
AR, USA). (TPCK), and the extract was used for immunoprecipita-
tion and Western blot studies. The extract was precleared
Cultured glomerular epithelial cells by incubating 1 mL with 50 mL of protein G-agarose
beads (GIBCO-BRL, Gaithersburg, MD, USA) for oneA line of conditionally immortalized mouse glomeru-
lar epithelial cells (GECs) was kindly provided by Dr. hour and centrifuged at 14,000 r.p.m. for five minutes,
Chugh et al: Immunoreactivity of NTS 603
and the pellet was discarded. The protein concentration key anti-sheep IgG, 1:5000; goat anti-rabbit IgG, 1:5000;
goat anti-mouse IgG, 1:2000) for 1.5 hours, followingof the supernatant was measured using the BCA protein
assay (Bio-Rad, Hercules, CA, USA). which they were washed three times with TBST over 30
minutes, and the immunoreactive proteins were identi-For immunoprecipitation with NTS, the g2 fraction
was coupled with CNBR-activated sepharose 4B (Phar- fied using chemiluminescence (Supersignal Chemilumi-
nescent Substrate; Pierce Chemical Company, Rock-macia) at 3.5 mg/mL according to the manufacturer’s
instructions. NTS-sepharose (100 mL) was incubated ford, IL, USA). Autoradiographs were scanned into
Adobe Photoshop 4.01 (Adobe Systems Inc., Moun-overnight at 48C with 500 mg of glomerular protein ex-
tract. After centrifugation at 10,000 r.p.m. for one minute tainview, CA, USA), and densitometry was measured
with NIH image software (version 1.61; National Insti-at 48C, the supernatant was separated from the precipi-
tate-coupled sepharose beads and boiled in reducing tutes of Health, Bethesda, MD, USA).
SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
Elution of sheep Ig from rat glomerulisample buffer for five minutes. The pellet was washed
under high-stringency conditions using the following Twenty Sprague-Dawley rats were injected intrave-
nously with 5 mg of NTS; proteinuria was confirmed at 24buffers: high-stringency buffer [HSB; 0.1% SDS, 1%
deoxycholate, 0.5% Triton-X 100, 20 mmol/L Tris-HCl, hours, and the rats were euthanized by cardiac puncture
under general anesthesia. The kidneys were removed,pH 7.5, 120 mmol/L NaCl, 25 mmol/L KCl, 5 mmol/L
EDTA, 5 mmol/L egtazic acid (EGTA), and 0.5 mmol/L and the glomeruli isolated by sieving. The glomeruli were
washed in PBS, sonicated, and subjected to a variety ofdithiothreitol (DTT)], HSB with 1 mol/L NaCl, and low-
salt buffer (2 mmol/L EDTA, 10 mmol/L Tris-HCl, pH standard elution conditions [12]. Only 3 mol/L potassium
thiocyanate were effective for eluting substantial amounts7.5, and 0.5 mmol/L DTT). The pellet was boiled in
reducing SDS-PAGE sample buffer and centrifuged, and of sheep Ig from glomeruli, as confirmed by Western blot.
The eluate was used for Western blot analysis of glomer-the supernatant was subjected to SDS-PAGE. Control
immunoprecipitations were performed in an identical ular cell proteins and NTS immunoprecipitates, and its
titer against matrix proteins was measured by ELISA.manner using normal sheep Ig coupled to CNBR-acti-
vated sepharose (3.5 mg of sheep Ig/mL of sepharose).
Protein sequencingImmunoprecipitations under reducing and nonreduc-
ing conditions were also performed using 500 mg of pro- Protein bands of interest were excised from Coomassie
stained gels, washed in 50% acetonitrile, and stored attein extract and 3 to 5 mL of the following antibodies or
control sera: Rabbit anti-rat APA, rabbit anti-rat DPP 2208C prior to sequencing at the Harvard Microchemis-
try Facility. The bands were digested with trypsin andIV, rabbit anti-rat RAP, mouse anti-GLEPP 1, rabbit
anti-rat b1 integrin, rabbit anti-mouse entactin, normal analyzed by microcapillary reverse-phase high-perfor-
mance liquid chromatography tandem mass spectrome-rabbit serum, and normal mouse serum. The immuno-
precipitation protocol was identical, except that the anti- try (mLC/MS/MS) on a Finnigan LCQ quadruple ion trap
spectrometer. The peptide sequences obtained were sub-gen-antibody complex was salvaged with 100 mL of pro-
tein G agarose beads and washed under high-stringency jected to sequence analysis using the BLAST program
available on the National Institutes of Health Web page.conditions (discussed previously in this article) or low-
stringency conditions (washed 3 times with PBS, pH 7.4).
Induction of proteinuria with NTS absorbed withAfter being resolved by reducing or nonreducing SDS-
matrix proteinsPAGE, the proteins were electroblotted to nitrocellulose
membranes (Micron Separations Inc., Westborough, MA, Five groups of five rats each were injected intravenously
with 5 mg or an equivalent dose of the following antisera:USA) or stained in the gel with Coomassie Brilliant
Blue. The nitrocellulose membranes were blocked with group 1, NTS; group 2, NTS absorbed with NCI a3;
group 3, normal sheep Ig; group 4, NTS absorbed with5% nonfat milk in Tris-buffered saline/Tween 20 (TBST;
50 mmol/L Tris, 150 mmol/L NaCl, 0.2% Tween 20, collagen IV; and group 5, NTS absorbed with Fx1A.
The urine was collected for 24 hours after injection andpH 7.6) for one hour, followed by incubation with the
primary antibody for 1.5 hours (NTS 10 mg/mL, 1:1000; analyzed for urinary protein excretion [3], and the rats
were euthanized thereafter.normal sheep IgG 10 mg/mL, 1:1000; rabbit anti-rat
APA, 1:5000; rabbit anti-rat DPP IV, 1:10,000; rabbit
Incubation of cultured GECs with NTS andanti-rat RAP, 1:1000; mouse anti-GLEPP 1, 1:2000; rab-
anti-APA antibodiesbit anti-rat b1 integrin, 1:2000; rabbit anti-mouse entactin,
1:1000, normal rabbit serum, 1:1000 to 1:5000; and normal The cells were grown in 75 cm2 flasks under permissive
conditions [RPMI 1640, 10% fetal calf serum (FCS), 1%mouse serum, 1:2000). The membranes were washed three
times in TBST over 30 minutes and incubated with horse- penicillin, 10 units g-interferon at 338C]. When confluent,
they were trypsinized and transferred to collagen-coatedradish peroxidase-conjugated secondary antibodies (don-
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the presence of 0.05% saponin to visualize actin micro-
filaments and define cell morphology. Between each in-
cubation, the wells were washed three times for five
minutes with TBS. After washing three times with TBS,
the cover slips were mounted on glass slides with gelvatol
and examined by epifluorescent microscopy with a Nikon
Optiphot microscope and 340 Plan Apo oil-immersion
objective (Nikon Inc., Melville, NY, USA). The images
were captured with a Spot camera (Diagnostic Instru-
ments, Inc., Sterling Heights, MI, USA) and exported
into Adobe Photoshop.
For Western blot studies, cells grown in collagen-
coated wells were incubated with the appropriate anti-
body for different time periods. At the end of each in-
cubation, the medium was aspirated, and the cells were
washed with cold PBS. The cells were trypsinized, scraped
from the wells, and extracted with CSK buffer (50 mmol/L
sodium chloride, 300 mmol/L sucrose, 10 mmol/L Pipes,
pH 6.8, 3 mmol/L magnesium chloride, 0.5% Triton X-100).
The protein concentration of the extract was measured
by the BCA protein assay. Twenty micrograms of protein
from each well were subjected to SDS-PAGE and West-
ern blot analysis for APA (as described previously in
this article).
ELISA for APA
Shedding of GEC surface APA after incubation with
rabbit anti-APA antibodies or control rabbit serum for
two hours was assessed by sandwich ELISA of the cell
media using monoclonal rat anti-mouse APA as a cap-Fig. 1. ELISA reactivity of sheep nephrotoxic serum (NTS; A) and
ture antibody, polyclonal rabbit anti-APA for detectionsheep IgG eluted from glomeruli of rats injected with NTS (B) with
the noncollagenous-1 (NC1) domains of a1 to a6 collagen IV chains. of captured APA, and anti-rabbit IgG-horseradish per-
oxidase to quantitate the reaction [13]. To test whether
APA was shed as a complex with antibody, the poly-
clonal rabbit anti-APA antibody was excluded from the
cover slips (for immunofluorescence microscopy) or col- ELISA in another set of experiments. Each experiment
lagen-coated wells (for Western blot studies) under non- was performed in triplicate.
permissive conditions (RPMI 1640, 10% FCS, 1% peni-
cillin, no g-interferon, at 378C) for three to four days.
RESULTSTo study changes induced by anti-APA antibodies or
NTS, cells grown on cover slips were incubated with Reactivity with type IV collagen isoforms
antibodies or normal rabbit or sheep globulin (as con- Sheep NTS prepared by immunization with whole rat
trol) diluted appropriately in cell media (anti-APA 1:400, glomeruli had moderate reactivity to the NC1 domains
NTS 200 mg/mL) for varying time periods, at 378C, 208C, of type IV collagen isoforms by ELISA, particularly a1,
and 48C. The cover slips were rinsed in cold PBS and a3, and a4 (Fig. 1A). The eluate prepared from glomeruli
fixed with 4% paraformaldehyde. After three washes of rats injected with NTS had similar reactivity (Fig. 1B).
with Tris-buffered saline (TBS; 50 mmol/L Tris, 150 In preparation for in vivo studies to evaluate the role of
mmol/L sodium chloride, pH 7.5), the cells were blocked anticollagen IV antibodies in the proteinuria induced by
with 1% bovine serum albumin (BSA) in TBS for 15 NTS (vide infra), NTS reactivity to NC1 a3 collagen IV
minutes. Cells that had been incubated with NTS or was removed by affinity chromatography (Fig. 2). This
control globulins were stained for 60 minutes with pri- isoform was chosen particularly because it is expressed
mary antibody (rabbit anti-rat APA 1:200) followed by in the GBM and is known to be the target of anti-GBM
goat anti-rabbit IgG CY3, whereas those exposed to anti- antibodies in Goodpasture syndrome [11], whereas the
APA were stained with goat anti-rabbit IgG-CY3 alone. a1 isoform is present mainly in the mesangium [14].
Analysis of the unbound fraction of NTS by ELISADual staining was performed with phalloidin-FITC in
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Fig. 2. ELISA reactivity of sheep NTS with
the NC1 domains of a1 to a6 collagen IV
chains after affinity absorption with NC1 a3
collagen IV. The bound fraction represents
sheep IgG eluted from the column, whereas
the unbound fraction represents the column
flow through. Titers of normal sheep IgG are
shown for comparison. Symbols are: (h) a3
column bound; ( ) a3 column unbound; (j)
normal sheep Ig.
Fig. 3. ELISA reactivity of sheep NTS with
various matrix proteins after affinity absorp-
tion with unfractionated type IV collagen. The
bound fraction represents sheep IgG eluted
from the affinity column, whereas the un-
bound fraction represents the column flow
through. Titers of normal sheep IgG are
shown for comparison. Symbols are: (h) colla-
gen IV column bound; ( ) collagen IV col-
umn unbound; (j) normal sheep IgG.
after immunoabsorption with NC1 a3 showed complete To eliminate reactivity to all type IV collagen isoforms
present in glomeruli, NTS was absorbed with collagendepletion of antibodies to NC1 a3 collagen IV and low-
level residual reactivity to other isoforms. The bound IV extracted from bovine glomeruli. Residual reactivity
to type IV collagen and other extracellular matrix pro-fraction was highly reactive with NC1 a3 but had no
reactivity to the NC1 domains of other a chains. teins was examined by ELISA (Fig. 3). The column-
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specific band at .220 kD. Broad bands of sheep IgG
heavy chain and a small amount of unreduced sheep IgG
are also present in the immunoprecipitate lanes 2 and
4, as documented by a Western blot of NTS without any
cellular proteins (Fig. 5, lane 7).
Identification of NTS-reactive proteins from
glomerular extract
Several of the NTS-reactive proteins seen in Figure 4
were analyzed further by mass spectrometry of immuno-
precipitated proteins. In brief, glomerular extracts were
immunoprecipitated with NTS as described previously
in this article (Fig. 5), resolved by SDS-PAGE under
reducing conditions, and stained with Coomassie blue.
Individual bands were excised from the gels and submit-
ted for protein sequencing. The peptide sequences ob-
tained were compared with existing databases to identify
the corresponding proteins (Table 1). The 160 kD band
contained peptides of APA and entactin.
Using a combination of immunoprecipitation and
Western blot analysis, we established that NTS is reactive
with APA and coprecipitates entactin. Figure 6A shows
Fig. 4. Western blot analysis with NTS of glomerular cell proteins
an NTS immunoprecipitate immunoblotted with anti-resolved on (A) 7.5% reducing SDS-PAGE, showing the entire spec-
trum of NTS reactive proteins, and (B) 5% reducing SDS-PAGE, APA (lane 1), NTS (lane 2), and anti-entactin (lane 3).
showing the 100 kD plus region resolved in detail, including a prominent Both APA and entactin are present in the 160 kD band,
band at 160 kD (arrow).
thereby confirming our sequencing data. An additional
faint band at .200 kD in lane 1 represents the incom-
pletely reduced homodimer of APA. This band corre-
sponds to the eluate-reactive band at .220 kD inbound fraction had a high titer for collagen IV and no
reactivity to other GBM proteins. The reactivity to colla- Figure 5, lane 4. This indicates that APA is the only
glomerular cell surface protein identified by the eluate.gen IV of the unbound fraction was similar to normal
sheep IgG, indicating complete absorption of reactivity Western blot analysis of entactin immunoprecipitates
with anti-entactin (Fig. 6B, lane 1) and NTS (Fig. 6B,to collagen IV. The unbound fraction contained low titers
of antilaminin and antientactin antibodies, but no sig- lane 2) shows that NTS is not reactive with entactin.
Therefore, entactin coprecipitates with other NTS-reac-nificant reactivity to fibronectin or HSPGs was present.
tive proteins.
Reactivity to glomerular cell proteins To confirm the reactivity of NTS with APA, we ana-
lyzed immunprecipitates prepared with polyclonal rabbitTo examine the reactivity of NTS to nonmatrix pro-
teins, we prepared an extract of rat glomeruli that was anti-APA by Western blot with anti-APA and NTS
(Fig. 7). Figure 7A shows the presence of APA in theenriched in cell surface proteins and used this as a sub-
strate for Western blot analysis and immunoprecipita- APA immunoprecipitate at 160 kD (lane 3) and its ab-
sence from the control normal rabbit serum immunopre-tion. Western blot of this cell protein extract with NTS
showed reactivity to several proteins, with a dominant cipitate in lane 1. The postprecipitate in lane 4 shows
APA depletion as compared with the rabbit serum post-band at 160 kD (Fig. 4). This was further documented
by immunoprecipitation with NTS and Western blot of precipitate in lane 2. The prominent band at 50 kD seen
in lanes 1 and 3 is the heavy chain of rabbit Ig. Thethe precipitate with NTS (Fig. 5, lane 2). Lane 3 of Figure
5 shows significant depletion of the NTS reactive bands same blot was stripped and Western blotted with NTS
(Fig. 7B). The same band at 160 kD is NTS reactiveafter immunoprecipitation. To determine whether NTS
binds to any of these proteins after injection into rats, (lane 3) and is depleted in the postprecipitate (lane 4),
as in Figure 7A. The additional lighter bands in Figurewe eluted sheep IgG from NTS-injected rats and used
this eluate for Western blots. Figure 5, lane 6, shows a 7A, lanes 2, 3, and 4 (150 and 108/115 kD doublet),
represent minor reactivity of the anti-APA antibody tosingle eluate-reactive band at 160 kD, which corresponds
to the 160 kD band in lane 2. Western blot of an NTS aminopeptidase N and DPP IV, respectively.
Several other proteins were identified similarly by pro-immunoprecipitate with this eluate (lane 4) confirmed
the identity of the 160 kD band and disclosed another tein sequencing and Western blot or Western blot alone
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Fig. 5. Western blot analysis of glomerular
cell proteins with NTS and a glomerular eluate
from NTS injected rats after immunoprecipi-
tation with NTS. Immunoprecipitates were re-
solved by 7.5% SDS-PAGE under reducing
conditions and immunoblotted with either
NTS or eluate. Of several NTS-reactive bands
in NTS immunoprecipitates (lane 2), the 160 kD
band is identified by the eluate on Western
blot of NTS immunoprecipitates (lane 4). This
is the only glomerular cell protein identified
by the eluate on Western blot analysis (lane
6). An additional band at .220 kD specifically
identified by the eluate from NTS immunopre-
cipitates (lane 4) probably represents the non-
reduced homodimeric form of APA seen vari-
ably in NTS and anti-APA immunoprecipitates.
Table 1. Peptides sequenced from NTS immunoprecipitates, In addition, screening of a cDNA library of adult rat re-
along with their corresponding proteins
nal cortex with NTS revealed several NTS-reactive clones,
Peptide sequence Protein one of which proved to be a partial cDNA encoding gp330-
ETNLLYDPLLSASSNQQR Aminopeptidase A RAP. This was confirmed by Western blotting of an NTS
IAIPDFGTGAMENWGLVTYR Aminopeptidase A immunoprecipitate with anti-RAP antibodies. The identity
SSFIDDAFALAR Aminopeptidase A
of other NTS-reactive cDNA clones is under investigation.MLQDWITPEK Aminopeptidase A
TQDVFTVIR Aminopeptidase A
SIAATDHEPTDAR Aminopeptidase A NTS depleted of NC1 a3 collagen IV reactivity causes
YLEMLKDPNIIK Aminopeptidase A undiminished proteinuriaRPSGEQVPIR Aminopeptidase A
YISYNSYGK Aminopeptidase A To determine whether reactivity to NC1 a3 collagen
DLWLHIR Aminopeptidase A IV contributes to complement- and leukocyte-indepen-INPDHIGFYR Aminopeptidase A
dent proteinuria induced by NTS, we tested the abilityTSLAQEKEK Aminopeptidase A
NNIEWLK Aminopeptidase A of NTS that had been depleted of antibodies to NC1 a3
LIGLDIPHFAADLPLNR GLEPP 1 collagen IV to cause proteinuria. Three groups of fiveFSLQFEELK GLEPP 1
WLITTQLDQPAAIAVNPK GP330 rats each were injected with 5 mg of normal sheep serum,
VFWSDLLQGK GP330 purified g2 fraction of NTS or an equivalent dose of g2
VLVVNPWLTQVR GP330
NTS depleted of reactivity to NC1 a3 collagen IVIDVVNLEGNQR GP330
EDLSPFIIQMAAEYVQR Entactin (Fig. 2). As shown in Figure 8, substantial and equivalent
VLEGLQYPFAVTSYGK Entactin amounts of heterologous phase proteinuria developed
QDLGSPEGIALDHLGR Entactin
within 24 hours in both groups of rats injected with NTS.VVYWTDISEPSIGR Entactin
VLFDTGLVNPR Entactin Both groups of antibody-injected rats were oliguric. An-
ASLHGGEPTTIIR Entactin other group of five rats was injected with NTS that hadGNLYWTDWNRDNPK Entactin
been depleted of type IV collagen reactivity by absorp-DILAQSPAAEPLK Laminin b1
LSAEDLVLEGAGLR Laminin b2 tion with bovine glomerular collagen IV (Fig. 3). These
EAQLALGNAAADATEAK Laminin b2 rats all developed severe proteinuria (289 6 54 mg/24 h;VSVPLIAQGNSYPSETTVK Laminin b2
mean 6 SE). Since the rat proximal tubular brush borderNTIEETGILAER Laminin b2
fraction shares several cell surface proteins with visceral
GECs, we also immunoabsorbed the NTS with the rat
proximal tubular brush border fraction, Fx1A, to elimi-
nate reactivity to these proteins. The Fx1A preparationof NTS immunoprecipitates using available antibodies
used for this absorption has no immunoreactive APA(Table 2). Some, like GLEPP 1 and DPP IV, were NTS
by Western blot, but depletes NTS of reactivity to otherreactive, while others, like actin, nephrin, and CD2-asso-
ciated protein (CD2-AP), were coprecipitates. brush border proteins like gp330, RAP, and DPP IV
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Fig. 6. Identification of the 160 kD NTS-reac-
tive band by immunoprecipitation with NTS
and Western blot analysis with anti-aminopep-
tidase A (anti-APA) and anti-entactin. (A) The
160 kD band in NTS immunoprecipitates
(arrow) is reactive with both anti-APA and
anti-entactin antibodies, thus confirming the
protein sequencing. An additional band at
approximately 320 kD in lane 1 represents
a smaller amount of nonreduced APA fre-
quently noted to be NTS reactive in other
Western blots. (B) A prominent entactin band
at 160 kD (arrow, lane 1) in entactin immuno-
precipitates is not reactive with NTS on West-
ern blot (lane 2). Several smaller bands in lane
1 are fragments of entactin.
(data not shown). Rats injected with Fx1A-absorbed rabbit serum controls (Fig. 10 D–F). Western blots of
NTS had severe proteinuria (250 6 82 mg/24 h; mean 6 GEC lysates for APA following incubation with anti-
SE) at the end of 24 hours, in the absence of oliguria. APA antibodies or normal rabbit serum for two hours
Overall, these data indicate that heterologous phase pro- showed reduced APA content in the anti-APA group
teinuria in this model does not depend on reactivity of (Fig. 11). ELISA titers of APA in the cell media from
NTS with type IV collagen, DPP IV, gp330, or RAP. the previously mentioned experiments was significantly
higher in the anti-APA group versus the control serum
Effect of anti-APA antibodies on surface distribution group (0.078 6 0.003 vs. 0.029 6 0.004, N 5 3 per group,
of APA on GECs in culture mean 6 SEM; P , 0.002). Moreover, when another
Anti-APA monoclonal antibodies cause proteinuria ELISA was done without the detecting rabbit anti-APA
and alter the distribution of podocyte surface APA when antibody, significantly more rabbit IgG was bound to the
injected into mice [7]. To study this phenomenon at a plates in the anti-APA group (0.118 6 0.003 vs. 0.046 6
cellular level, we investigated whether NTS and anti- 0.006, N 5 3 per group, mean 6 SEM, P , 0.001),
APA affect the surface distribution of APA in cultured indicating that APA and anti-APA are shed from the
mouse GECs. APA is normally present on the surface cells as an immune complex.
of mouse GECs in a fine punctate pattern that is unal-
tered by incubation for up to two hours with normal
DISCUSSIONsheep IgG (Fig. 9A) or normal rabbit IgG (Fig. 10A).
These experiments confirm the polyreactive nature ofIncubation for one or two hours with 200 mg/mL of NTS
NTS and demonstrate reactivity to several known cellu-at 378C induced a marked redistribution of surface APA
lar and matrix proteins. Existing literature suggests thatto a coarse, clumped appearance (Fig. 9B). Identical
many of these proteins have a nephritogenic potential.changes were seen after incubation with polyclonal anti-
We have previously shown that NTS is reactive with a3b1APA at 378C. The effect was present within 30 minutes
integrin and with type IV collagen and laminin [6]. In thisand became more pronounced after incubating the cells
study, ELISA analysis of NTS with several glomerularwith anti-APA for 2 hours (Fig. 10B). The staining pat-
matrix proteins revealed that there is moderate reactivitytern at 24 hours of incubation was indistinguishable from
against NC1 a3 collagen IV, NC1 a1 collagen IV, andthe pattern at 2 hours. The same redistribution was seen
NC1 a4 collagen IV, but this reactivity is not essential forwith monoclonal rat anti-mouse APA (data not shown).
the development of proteinuria. Thus, proteinuria was un-As listed in Table 3, several conditions were used to
diminished when rats were injected with NTS that haddetermine the possible role of microfilaments, microtu-
been depleted of antibodies to NC1 a3 collagen IV or un-bules, and cell metabolism on the surface redistribution
fractionated type IV collagen. ELISA also showed thatof APA/anti-APA. With the exception of cooling to 48C,
NTS contains no appreciable reactivity to the matrixnone of these maneuvers had any effect. Incubating at
proteins fibronectin, entactin, or HSPGs. Although NTS48C in the presence of anti-APA retarded and mostly
has low-level reactivity to the g1 and b1 laminin isoforms,inhibited the redistribution (Fig. 10C). Cell morphology
this is unlikely to account for its ability to cause severeand the actin cytoskeleton were not qualitatively altered
by incubation with anti-APA as compared with normal injury because antilaminin antibodies do not appear to
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Fig. 7. Identification of the NTS reactive pro-
tein at 160 kD by immunoprecipitation with
anti-APA and Western blot analysis with rab-
bit anti-rat APA (A) and NTS (B). (A) The
prominent 160 kD APA band (lane 3) is ab-
sent from the control (rabbit serum) immuno-
precipitation (lane 1). Additional bands in
lanes 2, 3, and 4 represent the additional minor
reactivity of this antibody to aminopeptidase
N and dipeptidyl peptidase IV. The top-most
band in lane 3 is the residual nonreduced ho-
modimer of APA precipitated by anti-APA
using 7.5% SDS-PAGE under reducing condi-
tions. (B) Western blot of the same membrane
with NTS after stripping showed the same
band to be NTS reactive (lane 3).
Table 2. Nephrotoxic serum (NTS) reactive and coprecipitating
proteins identified to date
Techniques used Protein identified NTS reactive
Immunoprecipitation, Aminopeptidase A Yes
Western blot, Dipeptidyl peptidase IV Yes









ELISA Collagen (IV) Yes
Laminins Yes
cDNA library screening gp 330/600-RAP Yes
cause proteinuria directly [15]. Therefore, barring reac-
Fig. 8. Proteinuria induced by NTS before and after absorption with
tivity to an as yet undefined GBM protein, our studies NC1 a3 (IV) collagen. Symbols are: (h) NTS; ( ) a3 absorbed NTS;
(j) normal sheep IgG. Error bars represent SEM (N 5 5 per group).tend to exclude a major role for anti-GBM antibodies
in NTS-induced heterologous phase proteinuria.
Although NTS identifies various cell surface proteins,
several observations indicate that the dominant nephrito- observed in our model. This is not to say that anti-APA
genic effect may be due to antibodies directed against APA. are the only antibodies to deposit in the glomeruli after
First, immunoprecipitation of glomerular extracts with injection of NTS. In fact, antibodies to type IV collagen
NTS reveals a prominent 160 kD protein that is highly were recovered in the eluate in the same proportion as
reactive with anti-APA on Western blot. This same pro- in the injected NTS (Fig. 1). However, these are not
tein is significantly depleted from the extract after precip- responsible for the early development of proteinuria but
itation with NTS. Second and most noteworthy, this may contribute to the inflammatory lesion that occurs
160 kD band was positively identified as APA by peptide during the autologous phase [17, 18]. It is also conceiv-
sequencing, and it is the only cellular protein reactive able that elution released only those antibodies with the
with antibodies eluted from the glomeruli of rats injected lowest binding affinity for their antigens and that high-
with NTS. Third, APA is known to be present on the affinity antibodies remained bound in the glomeruli. No
surface of rodent podocytes [16], and fourth, an injection other antibody specificities were identified, however, de-
of small doses (1 to 2 mg) of anti-APA monoclonal spite the most stringent elution conditions consistent
antibodies has been shown to induce complement- and with the preservation of antibody activity. Our results
leukocyte-independent proteinuria in mice within 24 also revealed that NTS has reactivity to DPP IV, another
hours of antibody injection, coincident with at least par- known nephritogenic antigen [19]. Nonetheless, the ef-
tial effacement of foot processes at that time point [7]. fect of DPP IV antibodies in NTS is probably minor, be-
cause the removal of DPP IV reactivity from NTS by ab-This time course of proteinuria is consistent with that
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Fig. 9. Surface distribution of APA in non-
permeabilized mouse glomerular epithelial
cells (GECs) after incubation with normal
sheep IgG (A) and NTS (B) for two hours at
378C. (C and D) The same cells stained with
phalloidin-FITC to demonstrate actin stress
fibers. NTS induces a clustering of surface
APA. Magnification 3400.
sorption with Fx1A did not diminish the ability of NTS mately 40% is present in the endoplasmic reticulum and
the Golgi apparatus, presumably in transition to the cellto cause proteinuria. Moreover, it is necessary to inject
10 times as much polyclonal anti-DPP IV as NTS to in- surface. Other than a possible association with actin at
its cytoplasmic tail [20], there are no known proteinduce the same amount of proteinuria in rats [19]. We
also found NTS activity against other known podocyte associations of APA. In epithelial brush borders, it tends
to be coexpressed with other peptidases like DPP IV,surface proteins, including GLEPP 1, gp330, gp330-RAP,
and b1 integrin; however, none of these have been shown neutral endopeptidase, and aminopeptidase N [21]. It
was initially thought to play a role in B-cell differentia-to cause severe proteinuria in vivo without the involve-
ment of other mediators. tion, since it is present on immature B cells and absent
in mature B lymphocytes [21]. This role has now beenAminopeptidase A is a 945 amino acid, disulfide bond-
linked homodimeric, type II integral membrane protein. questioned since immature B cells lacking APA develop
normally [22]. The known functions of APA are relatedIt is found on the surface of podocytes, the brush borders
of proximal tubular and intestinal epithelial cells, vascu- to its action as a zinc-binding metallopeptidase that
cleaves the terminal glutamic acid and aspartic acid resi-lar endothelium of several organs (excluding the glomer-
ulus), and peritubular capillaries [7, 16]. Its migration dues from peptides. Two well-defined actions of this
protein include the inactivation of angiotensin II by con-on SDS-PAGE under reducing conditions varies from
120 to 160 kD and is influenced by the extent of glycosy- version to angiotensin III and the metabolism of chole-
cystokinin 8. Whether the conversion of angiotensin IIlation in different organs. APA has a large C-terminal
extracellular domain (906 amino acids) and small trans- to angiotensin III is its main function in the podocyte and
the proximal tubule is unclear. However, this function ismembrane (22 amino acids) and N-terminal cytoplasmic
(17 amino acids) domains. The cytoplasmic tail has two unlikely to be the predominant mechanism behind anti-
APA antibody-induced proteinuria and podocyte footphosphorylation sites. No signaling function has as yet
been ascribed to APA. In most cells, approximately 60% process effacement. A recent study [23] evaluated the ef-
fect of two groups of antihypertensive agents on protein-of total APA is bound to the cell surface, while approxi-
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Fig. 10. Surface distribution of APA in non-
permeabilized mouse GECs after incubation
for two hours with rabbit anti-APA at 378C
(B) or 48C (C ) and with normal rabbit IgG
at 378C (A). The clustering induced by anti-
APA after two hours of incubation was mark-
edly decreased by reducing the incubation
temperature to 48C. (D–F ) The same cells
stained with phalloidin-FITC to demonstrate
actin stress fibers. Magnification 3400.
uria induced by anti-APA antibodies (group 1, angio- face APA from a fine granular to a more coarse clumped
pattern, as illustrated in Figure 9. An identical redistribu-tensin-converting enzyme inhibitors and AT1 blockers;
group 2, combination of hydralazine, b blocker, and di- tion of surface-bound antibody (Fig. 10) and a loss of
cellular APA (Fig. 11) were observed when GECs wereuretic). The reduction in blood pressure and proteinuria
was similar in both groups, thereby indicating that an- incubated with anti-APA. There was no associated loss of
cell–cell or cell–matrix contact or morphological changesgiotensin II did not have a primary role in the pathogene-
sis of proteinuria. This suggests that some mechanism in the actin cytoskeleton. Inhibitors or stabilizers of cy-
toskeletal function did not did not inhibit the redistribu-other than elevated levels of angiotensin II is primarily
responsible for anti-APA antibody-induced podocyte tion of surface-bound antibody and antigen, but the pro-
cess was markedly slowed by cooling the cells to 48C.foot process effacement and proteinuria. However, it is
premature to rule out a possible role for enzymatic deg- This most likely represents reduced fluidity of the cell
membrane and not metabolic inhibition, since treatmentradation of peptides other than angiotensin II by APA
in podocyte injury. with sodium azide, a potent metabolic inhibitor, did not
affect clumping. The decrease in APA content in GECsSince anti-APA antibodies constitute the dominant
immunoreactivity in NTS and are capable of inducing following incubation with anti-APA antibodies raises the
possibility that APA is endocytosed and degraded underpodocyte foot process effacement and proteinuria in
vivo, we investigated the distribution of APA after incu- these conditions, as has been described with neutral en-
dopeptidase (also called CD 10 or CALLA) on a varietybating cultured mouse GECs with NTS. We noted a
time- and temperature-dependent redistribution of sur- of cells [24]. However, the ELISA data suggest that at
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Table 3. Impact of various interventions on the surface
redistribution of aminopeptidase A (APA) induced by
anti-APA antibodies
Effect on
Agent Action APA clustering
DMSO Vehicle No effect
Cytochalasin D Microfilament disruption No effect
Nocodazole Microtubule inhibition No effect
Sodium azide Metabolic inhibition No effect
378C Normal condition No effect Fig. 11. Western blot analysis for APA of mouse GEC lysates after
48C Metabolic inhibition Inhibition incubation for two hours at 378C with rabbit anti-APA. The cellular
and alteration of content of APA in cells incubated with anti-APA (left lanes) was sig-
membrane fluidity nificantly reduced as compared with cells incubated with control rabbit
serum (right lanes). Densitometry, 3195 6 422 vs. 6216 6 150; mean 6
SEM, P , 0.003.
least some of the APA is shed from the cell surface as
an immune complex. Although the effects of NTS and the development of various hereditary forms of nephrotic
anti-APA on the surface distribution of APA are re- syndrome [25–27], there is still much to be learned about
markably similar and support the notion that APA is the the structural biology of the podocyte and how it is al-
nephritogenic target of NTS, further studies are required tered in inherited and acquired proteinuric states. This is
to determine whether these alterations are in any way most conveniently achieved through the study of animal
related to the podocyte effacement and proteinuria in- models. In this regard, the direct antibody-mediated in-
duced by these antibodies in vivo. jury induced by NTS provides an ideal model in which to
It is also interesting to note that unabsorbed NTS and define the function of APA as a regulator of glomerular
NTS absorbed with NC1 a3 collagen IV cause severe oli- permeability and its potential interaction with other po-
guria in the first 24 hours after injection, whereas NTS docyte proteins.
absorbed with unfractionated type IV collagen or Fx1A
does not. In contrast, proteinuria developed with all ACKNOWLEDGMENTS
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In summary, this study demonstrates that reactivity
Abbreviations used in this article are: anti-DPP IV, rabbit anti-rat
with type IV collagen is not necessary for the develop- dipeptidyl peptidase; APA, aminopeptidase A; anti-RAP, rabbit anti-
rat gp330-receptor associated protein; CD2-AP, CD2-associated pro-ment of complement- and leukocyte-independent pro-
tein; GBM, glomerular basement membrane; GECs, glomerular epi-teinuria induced by NTS. It further documents that NTS
thelial cells; HSPG, heparan sulphate proteoglycan; mAb, monoclonal
identifies several glomerular cell membrane proteins and antibody; NC1, noncollagenous-1; NTS, nephrotoxic serum; PBS, phos-
phate buffered saline; RAP, receptor associated protein; mLC/MS/MS,shows that among these proteins, reactivity to APA is
microcapillary reverse-phase high pressure-liquid chromatography tan-dominant and accounts for all or most of the cell-specific
dem mass spectrometry.
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